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[57] ABSTRACT 
A method for adaptively setting analog weights in ana 
log cells of a neural network and the like. The process 
starts by addressing a synapse cell in the network. A 
target weight for said addressed synapse cell is selected, 
and the current weight present on the synapse cell is 
measured. The amplitude and duration of a voltage 
pulse to be applied to said synapse cell to adjust said 
synapse cell in ‘the direction of said target weight is 
calculated using a set of coefficients representing the 
the physical characteristics of the synapse cell. The 
voltage pulse is applied to the addressed synapse cell 
and the new weight of the synapse cell is re-measured. 
‘If the synapse cell weight is within acceptable limits of 
the target weight, the values of the coefficients are 
saved and the next adjacent synapse cell is addressed 
until all synapse cells are set. If the synapse cell is not 
within acceptable limits, new values for the coefficients 
are calculated in relation to the re-measured weight. A 
new voltage pulse is generated and applied to the syn 
apse cell. The process is repeated until the weight of the 
synapse cell is set within an acceptable limit of the tar 
get weight. 

20 Claims, 9 Drawing Sheets 
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ADAPTIVELY SETTING ANALOG WEIGHTS IN A 
NEURAL NETWORK AND THE LIKE 

This is a continuation of application Ser. No. 
07/634,005 ?led Dec. 26, 1990, now abandoned. 

FIELD OF THE INVENTION 

The present invention pertains to the ?eld of associa 
tive networks. Speci?cally, the present invention per 
tains to adaptively setting weights associated with elec 
tronic models of neurons in a neural network. 

BACKGROUND OF THE INVENTION 

Circuit models have been developed to emulate an 
associative network of neurons as in a human brain. One 
such electronic implementation of a neuron is described 
in “A Neuromorphic VLSI Learning System”, by Al 
spector and Allen, Advanced Research in VLSI, Pro 
ceedings of the 1987 Stanford Conference. In general, 
such systems provide an electronic representation of a 
neuron with many weighted inputs, a summing portion 
and a computational portion for determining a desired 
functional outcome given the weighted inputs. These 
neurons are coupled together to form an associative 
network or neural network. One such prior art neural 
network is shown in FIG. 1 of U.S. Pat. No. 5,055,897 
titled “Semiconductor Cell for Neural Network and the 
Like”, Ser. No. 225,035, ?led Jul. 27, 1988 and assigned 
to the assignee of the present invention. Another related 
patent application is entitled “Method of Increasing the 
Accuracy of an Analog Neural Network and the Like”, 
Ser. No. 634,033 ?led Dec. 26, 1990, and assigned to the 
assignee of the present invention. 

Training a network is necessary to make the network 
produce a desired output for a given input. In networks 
like a neural network, training the network includes 
programming and measuring analog levels of analog 
cells or ?oating gate devices of the network. These 
networks include EPROM (Electrically Programmable 
Read Only Memories) and EEPROM (Electrically 
Eraseable and Programmable Read Only Memories) 
devices that may use analog levels to increase storage 

’ density. In a neural network, training is accomplished 
by adjusting the weights for connections between 

_ nodes. Initially, all numeric weights for connections 
between neurons, as well as any weighting of input 
signals, are randomly set to various values. Signals are 
then input, and the output is observed. If an output 
signal is erroneous, then a mathematical computation 
will determine how the weights should be adjusted. 
Input signals are then re-applied and the output is again 
re-evaluated, until the output is correct. The technique 
for back-propagation or feedback of an error correction 
signal is an important characteristic in training a neural 
network. 1 

Because training requires incremental adjustment of 
weighted connections in an electronic model‘ of a neural 
network, ?oating gate devices are often used for the 
synapses or weighted connections. A synapse structure 
using a ?oating gate is described in reference to FIG. 2 
of US. Pat. No. 4,802,103, Faggin et al. Another syn 
apse cell utilizing a ?oating gate device is illustrated in 
FIGS. 20 and 2b of the co-pending application Ser. No. 
225,035 cited above. 

Floating gate devices are electrically chargeable de 
vices typically used in an electronic synapse cell. A 
?oating gate device can be used to represent an weight 
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2 
as an analog level of quantized charge stored on the 
?oating gate. If a ?oating gate device is used for 
weighting in a synapse cell, the charge stored on the 
?oating gate can be, manipulated thereby affecting the 
conductivity of the synapse cell. In a neural network, 
because the level of charge on a ?oating gate is used to 
control current ?ow through a synapse cell, precise 
control over the level of charge stored on the ?oating 
gate is critical to the proper operation of the synapse 
cell and thus the neutral network. Prior art systems 
have experienced problems attributable to the inability 
to accurately set weights using ?oating gate devices. 
Floating gate manufacturing variations and physical 
changes in the devices after use have. exacerbated the 
problems. 
The level of charge and thus the weight stored on a 

?oating gate device is set by applying a voltage pulse to 
the ?oating gate. The amplitude and duration of the 
voltage pulse must be carefully adjusted to achieve the 
proper weight on the ?oating gate. Prior art systems 
sometimes use processing logic or a software routine for 
setting weights in a neural network that uses ?oating 
gate devices. This prior art processing logic generally 
comprises a back propagation method using a binary 
search or other non-adaptive method for generating the 
proper voltage pulse (amplitude and duration). In a 
typical binary search method, an initial voltage pulse is 
generated and applied to the synapse cell. The charge 
on the gate is measured and compared to a desired 
weight to produce an error value. A new voltage pulse 
is then generated to reduce the error value from that of 
the prior iteration. In some prior art systems, the ampli 
tude of the voltage pulse is halved or doubled in an 
attempt to reduce the error value. Since there is no 
linear relationship between the pulse amplitude and the 
?oating gate charge, this prior art method is very inef? 
cient. 
The process of regenerating the voltage pulse contin 

ues until the measured weight is within a tolerance level 
of the desired or target weight. With the prior art binary 
search method, as many as 10 cycles may be needed to 
arrive at a correct weight. Also, because the voltage 
pulse applied to a ?oating gate device in any synapse 
call is indiscriminate, a binary search method treats each 
synapse cell of the network in the same or similar man 
ner., Thus, even though adjacent synapse cells exhibit 
similar physical properties, the knowledge acquired by 
setting one synapse cell is not used in adjusting the 
weight of an adjacent synapse cell. Since there is no 
linear relationship between the pulse amplitude/dura 
tion and the ?oating gate charge, a linear based weight 
setting method will require more iterations to acquire a 
proper weight for each synapse cell processed. 
A better method is needed for setting weights more 

precisely, quickly and adaptively in a neural network 
using ?oating gate devices. Greater precision allows a 
synapse cell to function more accurately in a neural 
network, and also reduces the overall training time. A 
reduction in the number of cycles necessary to achieve 
a correct weight lessens the computational require 
ments and enhances performance in adjusting the opera 
tion of a neural network. Also, an ability to adaptively 
set weighted values lessens the impact of physical 
changes in a ?oating gate device occurring over time. 

Other prior art known to Applicant is “An Associa 
tive Memory Based On An Electronic Neural Network 
Architecture” by R. Howard et al., IEEE Transactions 
0n Electronic Devices Vol. ED34 Jul. 1987; “An Arti?c 
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ial Neural Network Integrated Circuit Based On 
MNOS/CCD Principles” by J. Sage, Neural Network 
For Computing, AIP Conference Proceedings, 1986; “A 
20V Four-Quadrant CMOS Analog Multiplier", by J. 
Babanezhad, IEEE Journal of Solid-Date Circuits, Vol. 
SC-20, Dec. 1985; “Programmable Analog Synapses 
For Microelectronic Neural Networks Using a Hybrid 
Digital-Analog Approach”, by F. J. Mack et al., IEEE 
International Conference on Neural Networks, Jul. 24-27, 
1988, San Diego, Calif; “VLSI for Arti?cial Intelli 
gence", edited by Jose G. DelGado-Frias and Will R. 
Moore, Kluwer Academic Publishers, pp. 230-33, 1989; 
“A Pipelined Associative Memory Implemented in 
VLSI”, by Clark et al., IEEE Journal of Solid-State 
Circuits, Vol. 24, No. 1, pp. 28-34, Feb. 1989; and “A 
Neuromorphic VLSI Learning System”, by Alspector 
and Allen, Advanced Research in VLSI, Proceedings 
of the 1987 Stanford conference. 

SUMMARY OF THE INVENTION 

The present invention provides a method for adap 
tively setting analog weights in electronic analog cells 
of a network. This method starts by identifying the 
address of an initial synapse cell, determining a desired 
or target weight to which the cell should be set,‘ and 
generating an initial voltage pulse for driving the cell to 
the target voltage. A set of coefficient values associated 
with the initial voltage pulse are also initialized. Once 
the initial voltage pulse is applied to the cell, the actual 
weight of the synapse cell is measured and compared to 
the target voltage. A correction to the voltage pulse 
with the associated coefficients is determined. The cor 
rection factor is necessary in order to reduce the differ 
ence between the measured weight and target weight. 
The new voltage pulse is generated and applied to the 
synapse cell. After the newly generated voltage pulse is 
applied, the addressed synapse cell is remeasured. If the 
difference between remeasured weight and the target 
weight is within acceptable limits, the calculated cor 
rection factor and coefficient values are stored and a 
new synapse cell can be addressed. However, if the 
difference is outside the acceptable limits, a new voltage 
pulse correction factor and associated coefficient values 
are iteratively calculated and fed back for application to 
the synapse cell. This process continues until the volt 
age difference between measured and target weights is 
within acceptable limits. 
One object of the present invention is to provide a 

method for precisely and adaptively setting weights in a 
neural network. 
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Another object of the invention is to provide a , 

method for using the information of one synapse cell to 
adjust an adjacent synapse cell; thus, increasing the 
speed of convergence to an appropriate voltage level of 
the adjacent synapse cell. 
Another object of the invention is to reduce the num 

ber of iterations required to adjust a synapse cell to a 
proper value. ‘ 

These and other objects and aspects of the invention 
will be apparent to one with ordinary skill in the art 
from the detailed description of the invention provided 
herein. ‘ 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1a is an illustration of an electronic model of a 

neural network. 
FIG. 1b is an illustration of the signal lines provided 

for measuring, programming and erasing a synapse cell. 
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4 
FIG. 10 is an illustration of the signals on the signal 

lines during measuring, programming and erasing oper 
ations. 
FIG. 2 is an illustration of a programming voltage 

pulse. 
FIG. 3 is an illustration of an erase voltage pulse. 
FIGS. 4, 5, 6, 7, 8 and 9 are flow charts illustrating 

the processing logic for adaptively setting a weight to a 
synapse cell in a neural network. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

A method for adaptively setting analog weights in 
electronic analog cells of a network is described. In 
networks like a neural network, setting weights of ana 
log cells in the network includes programming and 
measuring analog levels of‘ analog cells or ?oating gate 
devices of the network. These networks include 
EPROM (Electrically Programmable Read Only Mem 
ories) and EEPROM (Electrically Eraseable and Pro 
grammable Read Only Memories) devices that may use 
analog levels to increase storage density. In a neural 
network, setting weights is accomplished by adjusting 
the weights for synapse connections between nodes. 

In the following description, numerous speci?c de 
tails are set forth in order to provide a thorough under 
standing of the invention. However, it will be apparent 
to one with ordinary skill in the art that these speci?c 
details need not be used to practice the present inven 
tion. In other instances, well-known structures and cir 
cuits have not been shown in detail in order not to 
unnecessarily obscure the present invention. 

In the preferred embodiment of the present invention, 
synapse cells of a neural network are implemented using 
?oating gate devices. A means for implementing a syn 
apse cell in this manner is well known in those of ordi 
nary skill in the art. Generally, a synapse cell has a 
?oating gate member which is electrically chargeable. 
The presence or absence of charge on the ?oating gate 
member affects the conductivity of the ?oating gate 
device. The charge can be accumulated or removed 
from the floating gate device by applying a voltage 
pulse to the device. It is well known to those of ordi 
nary skill in the art that the quantity of stored charge 
(i.e. weight) on the ?oating gate is determined by the 
amplitude of the applied voltage pulse and the length of 
time (duration) the voltage is applied. The amount of 
charge accumulated or removed from the ?oating gate 
is thus a function of the amplitude and duration of the 
applied pulse. Techniques for accumulating (program 
ming) and removing (erasing) charge from a ?oating 
gate are well known to those of ordinary skill in the art; 
however, efficiently and adaptively producing the de 
sired quantity of charge (i.e. weight) on a ?oating gate 
has proven to be particularly difficult. The present in 
vention solves this problem. 
The quantity of charge (i.e. weight) stored on a ?oat 

ing gate is subject to signi?cant variation based on the 
physical characteristics of a ?oating gate device. Such 
factors include cell geometry, oxide thickness, tunnel 
ing characteristics, etc. In the present invention, numer 
ical values representing these physical parameters are 
grouped to create coefficients which are used to predict 
and correct the quantity of charge stored on a ?oating 
gate. The quantity of charge stored on the ?oating gate 
corresponds to the weight for the synapse cell. Further, 
a process is used to predict the amount of charge to be 
induced on or off a ?oating gate to produce the desired 
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or target weight. Charge to be induced is represented in 
the form of a voltage pulse needed to program (i.e. add 
charge to the ?oating gate) or erase (i.e. remove charge 
from the ?oating gate) a synapse cell to a target level. 
After applying a voltage pulse, the predicted charge is 
compared with the actual charge transferred by measur 
ing the voltage on the synapse cell. The difference be 
tween the predicted charge and the actual charge trans 
ferred allows a correction factor to be determined 
which corresponds to the physical parameters associ 
ated with the particular ?oating gate device. Thus, an 
ajustable correction factor can be used to create an 
efficient and adaptive feedback process for precisely 
setting weights in a synapse cell. 

Additionally, once a correction factor associated 
with one particular synapse cell in a memory array or 
neural network is determined, that information is used 
as a starting point for setting a weight of an adjacent 
synapse cell in the array. Since adjacent cells typically 
have similar physical properties, adjacent cells also tend 
to have the same or similar correction factor. Thus, 
convergence to a control correction factor or coeffici 
ent associated with a target weight for adjacent cells is 
enhanced by eliminating random or non-adaptive initial 
weight and coefficient values for adjacent cells. 

Referring to FIG. 1a, a neural network 600 is illus 
trated. Neural network 600 comprises a plurality of 
synapse cells 671-674 connected by input lines 621 and 
synapse output lines 620 as shown. Each synapse cell is 
comprised of a computational component (601-604) and 
a weighting component (661-664). The weighting com 
ponent (661-664) includes a ?oating gate device that 
stores a level of charge corresponding to the weight of 
the synapse cell. The computational component 
(601-604) uses the input provided to it from input lines 
621 and the input provided by the weighting compo 
nent (661-664) to produce an output on synapse output 
lines 620. Synapse output lines 620 are each coupled to 
a neuron or summing ampli?er. Two such neurons 630 
and 631 are shown in FIG. 1a. 

In order to set the weight of a particular weighting 
component of a synapse cell, weight setting lines 610 are 
coupled to the weighting component of each synapse 
cell in the network. In order to measure the weight set 
for a particular weighting component of a synapse cell, 
weight measuring lines 625 are also coupled to the 
weighting component of each synapse cell in the net 
work. Weight setting lines 610 and weight measuring 
lines 625 are coupled to an address decoder 690 which 
is coupled to control logic/memory unit 640. A particu 
lar synapse cell is addressed by applying an address of 
the cell to address decoder 690. The address decoder 
690 then produces control signals for the appropriate 
synapse cell via weight setting lines 610. The processing 
logic of the preferred embodiment of the present inven 
tion operates from within control logic/memory unit 
640. 

Input line 605 to control logic/memory unit 640 is 
provided for specifying a target weight for a cell to be 
addressed. An initial set of coefficients are also pro 
vided to control logic/memory unit 640 via input line 
605. In the preferred embodiment, two coefficients are 
initially provided, mainly Bpgm (a coefficient associated 
with programming or adding charge to the ?oating 
gate) and Ben (a coefficient associated with erasing or 
removing charge from a ?oating gate). Bpgm and Ben are 
coefficient values representing the physical characteris 
tics of a ?oating gate device and are used to produce an 
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6 
adaptive correction to the weight setting process. Since 
the physical characteristics associated with program 
ming and erasing a ?oating gate are inherently different, 
two coefficients are provided in the preferred embodi 
ment. In an alternative embodiment, a single coefficient 
may be used to represent both the program and erase 
characteristics. In another alternative embodiment of 
the present invention, a plurality of coefficients may be 
used to represent various specific physical parameters 
associated with a ?oating gate such as tunneling charac 
teristics, oxide thickness, or geometry. In addition to 
the target weight and initial coefficients Bpgm and 8",, 
input line 605 is used to provide an initial address of the 
first synapse cell to be processed by the present inven 
tion. Once the initial cell address is specified, the subse 
quent adjacent cell addresses are generated by the pro 
cessing logic of the present invention. In an alternative 
embodiment, an initial cell address is chosen randomly. } 
Subsequent cell addresses may also be chosen randomly 
or cells adjacent to the initial randomly addressed cell 
may be selected. 

In order to illustrate the operation of the present 
invention, synapse cell 671 is arbitrarily chosen as an 
example of an initial cell to be set to a target weight. 
Cell 671 is addressed by applying its cell address to 
address decoder 690 which in turn produces the proper 
control signals for cell 671 via lines 610 as illustrated in 
FIG. 10. 

Referring now to FIG. 1b, one of these control sig 
nals provided to cell 671 is a select gate voltage Va 710 
signal used to select a particular weighting component 
for the weight setting or measuring process. Another 
signal vpgm 711-is used to provide a program or erase 
voltage to the weighting component. Vpgm 711 is also 
used to measure the weight on the cell by varying the 
Vpgm 711 voltage until the current Id 720 reaches a pre 
determined level. Another signal Vd 712 is used to set 
up a differential voltage with vpgm 711. By varying the 
voltage of Vd 712 in relation to the voltage Vpgm 711, 
charge can be induced to ?ow on to (programmed) or 
off from (erased) the ?oating gate device 730. FIG. 1c 
illustrates a table 750 showing the voltage levels of each 
of these signals during the cell measuring step, the pro 
gramming step and the erasing step. After the cell 671 
has been addressed, the present weight of cell 671 may 
be measured and the weight of the cell may be pro 
grammed or erased by applying appropriate voltage 
levels to the signal lines described above and illustrated 
in FIG. 1b. 
With the measured present weight of synapse cell 671 

and the target weight for cell 671, the processing logic 
of the present invention determines whether charge 
needs to be added or removed from the ?oating gate 
device in cell 671. Using this information along with 
Bpgm and Ben coefficients, a correction to the amplitude 
and duration of a voltage pulse can be calculated for 
setting cell 671 to the target weight. The voltage pulse 
is applied to cell 671 over weight setting line 610. Once 
the voltage pulse is applied, the weight of cell 671 stabi 
lizes to a new adjusted value. 

Because the weight of cell 671 has been adjusted, the 
weight of cell 671 is re-measured using any of various 
methods including the one described above. After re 
measuring the newly adjusted weight of cell 671, the 
adjusted weight is tested against the target weight to 
determine if the adjusted weight of cell 671 is set to .the 
target weight within acceptable limits. If the charge or 
weight of cell 671 is not within acceptable limits, Bpgm 
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and B8,; coef?cient must be recalculated, and a new 
voltage amplitude and duration for either programing 
or erasing cell 671 accordingly calculated and applied. 
The control logic/memory 640 is used to calculate a 
new voltage and duration for cell 671. This process will 
continue until cell 671 is programmed to the target 
weight within an acceptable tolerance. 

After cell 671 is set to an acceptable weight, Bpgm and 
Ben coefficients associated with the voltage pulse that 
produced the correct weight are stored in control lo 
gic/memory 640. Next, an adjacent cell is addressed, 
and the process described above is repeated for the new 
cell. Notably, the initial Bpgm and Ben coefficients for 
the adjacent cell are set to values associated with the 
previously set cell. This adaptive weight setting process 
will continue until the weight of all cells in network 600 

' are set. Once all desired cells in network 600 are set to 
the target weight, the information learned in the weight 
setting process may be retained. Speci?cally, the Bpgm 
and Bm coefficients may be retrieved and saved. 

Processing Logic of the Preferred Embodiment 

Referring to FIGS. 4-9, ?ow charts are employed to 
best describe a method for adaptively setting weights to 
a synapse cell. The processing logic of the present in-, 
vention as depicted in FIGS. 4-9 can be programmed 
using any of various programming languages, including 
C, Pascal, Fortran, etc. It will be apparent to those 
skilled in the art that other alternative programming 
languages may be used. 
The processing logic of the preferred embodiment is 

operably disposed within a random access memory or 
read-only memory located in control logic/memory 
640, and executed by a processor also therein. A means 
for initially loading and activating the processing logic 
is available using techniques well known to those of 
ordinary skill in the art. Once activated, the processing 
logic of the present invention executes in the manner 
described below starting at the bubble labeled 501 
shown in FIG. 4. 
Upon activation, the processing logic of the present 

invention begins by initializing the parameters used by 
the logic. This initialization occurs in processing box 
502 of FIG. 4. The parameters initialized in box 502 
include the coefficients Bpgm and Bm. These coefficients 
are initialized to values best approximating the physical 
characteristics of the synapse cell or ?oating gate de 
vices being processed (i.e. devices being set to a target 
weight). Other parameters initialized in box 502 include 
the initial address of the ?rst synapse cell to be pro 
cessed. The initial address may be set to the address of 
any cell in the memory array. Once the initial address is 
speci?ed, subsequent addresses are generated by incre 
menting the initial address thereby addressing an adja 
cent cell. If the address generated extends beyond a 
predetermined limit for the memory array or neural 
network, the address is reset to the top of the array. In 
this manner, the entire neural network can be pro 
cessed. In addition, specific portions of the network can 
be targeted and processed without the need to process 
the entire array. 
One the coefficients and initial cell address are initial 

ized, processing continues at processing box 503. At box 
503, a target voltage value (V mg”) is initialized. Vmge, 
is the charge voltage or weight to be assigned to the 
addressed synapse cell. Vmge, is provided to control 
logic/memory unit 640 via input line 605. Note that the 
mathematical meaning of synapse weight is typically 
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8 
opposite to the physical quantity of ?oating gate volt 
age or V,. 

Also in processing box 503, the charge (V M) cur 
rently present on the addressed synapse cell is mea 
sured. The difference (AV,) between the target weight 
(V Mg“) and the measured weight (V180) is computed as 
shown by the following equation: 

AVI= Vtarger- Vteo (1) 

Processing control then passes to decision box 550. 
Continuing at decision box 550, difference between 

target and measured weight of the addressed cell is 
tested with zero or an acceptable tolerance level. If the 
difference is equal to zero or within tolerance (process 
ing path 551), no further processing is required for this 
cell; thus, processing continues for the next cell at the 
bubble labeled A in FIG. 5. In the more likely case, the 
AV, value will be non-zero or outside of a tolerance 
level and processing will pass to decision box 504 via 
processing path 552. 
At decision box 504, AV, is tested with zero in order 

to determine if Vmge, is greater than or less than Vm. 
For values of AV, greater than zero (processing path 
514), a program synapse cell operation is required. In 
this case, the target voltage vlargel is greater than the 
measured voltage Vm; therefore, charge must be added 
to the synapse cell to increase its stored voltage to the 
target level. For values of AV, less than zero (process 
ing path 524) charge must be removed from the synapse 
cell using an erase operation. The processing logic for 
the erase operation will be described below. 

In the program cell case where AV, is greater than 
zero, processing path 514 is taken to processing box 505. 
In FIG. 4, processing box 505 is illustrated as a hexagon 
shape thereby indicating that the logic within box 505 is 
highlighted in more detail in another ?owchart. In this 
case, the logic within box 505 is detailed in FIG. 6. 
Thus, the program cell logic in box 505 is implemented 
as a procedure or subroutine call. In alternative embodi 
ment, the logic for programming a cell may be coded in 
line without a procedure call. 

Referring now to FIG. 6, the program synapse cell 
logic of the present invention is illustrated. After a pro 
cedure call is executed in processing box 505 of FIG. 4, 
control passes a bubble 100 in FIG. 6. Starting at bubble 
100, a voltage pulse must be generated and applied to 
the addressed synapse cell in order to boost the stored 
charge to the VWge, level. The appropriate voltage 
pulse is generated by determining the correct amplitude 
and duration of the pulse, given the coefficient Bpgm. 
The necessary voltage pulse is illustrated in FIG. 2. 

Referring now to FIG. 2, a voltage pulse 301 is de-. 
picted with an amplitude Vmnew and a duration TM“. 
Since the amount of charge transferred onto a synapse 
cell is dependent upon both the amplitude and duration 
of the applied pulse, a synapse cell can be programmed 
to the desired level by varying either or both the ampli 
tude and/ or the duration of the applied voltage pulse. In 
order to generate the appropriate voltage pulse, there 
fore, it is necessary to determine the value of Vmnew and 
TM“, given the known values of Bpgm, Vmrgel, Vm, and 
AV,. These values are computed by the processing logic 
depicted in FIGS. 6 and 7. 

Referring again to FIG. 6, processing begins at pro 
cessing box 101. In order to determine the program 
pulse. amplitude Vppmw, the pulse duration TM“, is 
initially ?xed at a constant value (processing box 101). 
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In the preferred embodiment, TM“. is initially ?xed ‘at 
approximately 50 microseconds. 

In the next series of processing steps from processing 
box 102 to processing box 109, the value of VFW“. is 
calculated using an iterative convergence technique. By 
repeatedly executing the equations given below, Vmnew 
converges to a value within a predetermined precision 
range or tolerance of its value during the previous itera 
tion (V PM”). After each iteration, the newly computed 
value (V PM”) is compared with its value from the 
previous iteration. If the difference is not within the 
predetermined range of precision, Vmold is replaced by 
VFW” and a new calculation for V”, M... is performed as 
follows: 

VppJmv= Vppold“ M yppoldy? Vpp.old)] (2) 

Equation 2 is a general equation to solve for Vpp given 
a solution to f(V,,p)=0. The functional equations speci 
tied in equation 2 are de?ned as‘ follows: 

?yppiold) = (3) 

1.375 - 10-6 ' BE," 
"In + Vppald — AV! _ Vleo '- 1080‘ + B) 

f(Vpp.oId) = (4) 

l — (A ‘(529702) 
5.2 ' (A + B) ' (low + 8))2 

where, 
Vm=a constant empirically found for particular type 

of synapse cell; in the preferred embodiment this 
value is approximately 0.5 volts; 

Solving for VPPJW and Vpp,01din equations 2-4 can be 
performed using the Newton-Raphson method; how 
ever, other numerical methods can be used without 
departing from the scope of the invention. For example, 
the Newton-Raphson method is used to produce a solu 
tion to f(vpp.ald)=o. The use of the Newton-Raphson 
method to produce this solution is a well known tech 
nique. With this solution for f(Vpp,a1,1)=0, an initial 
value for Vmald can be estimated (processing box 103). 
Next, with the estimated value of Vmold, values for 
f(Vpp,01d),f(VpP,o1d) and Vppmw are generated using equa 
tions 2-4 (processing box 104). The difference between 
the resulting Vmuw and VFW” is computed (processing 
box 105) and compared with a predetermined accuracy 
value to determine if the approximation of VPMW is 
within a desired range of precision (decision box 106). If 
VFW,“ is within the speci?ed precision range (process 
ing path 108), the iteration process terminates with the 
acceptable value of vppJuw- Processing then continues 
at the bubble labeled J in FIG. 7. 
However, if Vmnew is not within the speci?ed preci 

sion range, VFW/d is assigned the value of VPPJW (pro 
cessing box 109) and the iteration process is executed 
again starting at processing box 104, until the value of 
vppmew converges to within the speci?ed precision 
range. .. 

Referring now to FIG. 7, VFW". has converged to an 
acceptable value within the speci?ed precision range. 
At decision boxes 111 and 115, a test is performed to 
determine if Vmnew is outside of an operable range of 
voltage amplitude values. Since there are predeter 
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mined physical limits to the voltage amplitudes that 
may be applied to a synapse cell, VFW“, must be set to 
a value’ no greater than a maximum voltage amplitude 
associated with the synapse cell and no smaller than the 
minimum amplitude for the cell. 

If the computed V0,,” value is greater than the max 
imum allowable amplitude (decision path 112), the du 
ration for the voltage pulse is too short. In this case, 
TM“. is doubled and set to TPMW'Z (processing box 113) 
and the computation for VFW.“ is initiated again start 
ing at processing box 102 in FIG. 6. It will be apparent 
to those skilled in the art that TM“, may be increased by 
an amount other than the doubling scheme described 
herein. If VFW,“ is less than the maximum limit (pro 
cessing path 114), the amplitude value is accepted with 
out further processing and control drops to decision box 
115. 
At decision box 115, Yppmw is tested against a low 

amplitude limit. IfVppMw is less than the minimum am 
plitude value allowed (decision path 116), the voltage 
pulse duration is too long. Thus, TM", is halved and set 

‘ to Tp.new/2 (processing box 117). Control is then trans 
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ferred to processing box 102 in FIG. 6 where the com 
putation for Vmnewis initiated again with the new value 
Tp_new_ Again, it will be apparent to those skilled in the 
art that TM“ may be decreased by an amount other 
than the hal?ng scheme described herein. If Vmnew is 
greater than the minimum limit (processing path 118), 
the amplitude value is valid without modi?cation. Thus, 
control drops processing box 119. 
Once an acceptable VPM“ and corresponding TPJW 

has been computed, the addresses synapse cell can be 
programmed. The cell is ‘programmed by generating a 
voltage pulse of Vmnew amplitude and TM“, duration 
and transmitting the pulse to the addressed synapse cell . 
via weight setting lines 610 (processing box 119). Pro- ' 
cessing control then returns to the calling procedure in 
processing box 505 shown in FIG. 4. 

Referring again to FIG. 4, the processing associated 
with processing box 505 has been completed and the 
addressed synapse call has been programmed with the 
generated voltage pulse. However, if at decision box 
504, the difference (AV,) between the target voltage 
(V Mg“) and measured voltage Vuo) of the addressed 
cell is less than zero, and erase operation is necessary to 
reduce the stored charge of the cell from its measured 
value Vm, to the target value vfgyggf- In this case, pro 
cessing path 524 is taken to processing box 506 where a 
series of cell erasing steps are performed in a manner 
similar to those described for the cell programming 
steps of processing box 505. 
As described above, processing box 506 is illustrated 

as a hexagon shape indicating that the logic within box 
506 is highlighted in more detail in FIG. 8. Thus, the 
erase cell logic in box 506 is implemented as a procedure 
or subroutine call. In alternative embodiment, the logic 
for erasing a cell may be coded in line without a proce 
dure call. 

Referring now to FIG. 8, the erase synapse cell logic 
of the present invention is illustrated. After a procedure 
call is executed in processing box 506 of FIG. 4, control 
passes to bubble 200 in FIG. 8. Starting at bubble 200, a 
voltage pulse must be generated and applied to the 
addressed synapse cell in order to reduce the stored 
charge tov the vlgyggf level. The appropriate voltage 
pulse is generated by determining the correct amplitude 
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and duration of the pulse, given the coefficient Bm. The 
necessary voltage pulse is illustrated in FIG. 3. 

Referring now to FIG. 3, a voltage pulse 401 is de 
picted with an amplitude Vepmw and a duration Tmew. 
Since the amount of charge transferred from a synapse 
cell is dependent upon both the amplitude and duration 
of the applied pulse, a synapse cell can be erased to the 
desired level by varying either or both the amplitude 
and/or the duration of the applied voltage pulse. In 
order to generate the appropriate voltage pulse, there 
fore, it is necessary to determine the value of VeMew and 
TM“, given the known values of BM, Vmg", Vm, and 
AV‘. These values are computed by the processing logic 
depicted in FIGS. 8 and 9. 

Referring again to FIG. 8, processing begins at pro 
cessing box 201. In order to determine the erase pulse 
amplitude Vemew, the pulse duration Tmew is initially 
?xed at a constant value (processing box 201). In the 
preferred embodiment TM”, is initially ?xed at approxi 
mately 50 microseconds. 

In the next series of processing steps from processing 
box 202 to processing box 209, the value of VepJrew is 
calculated using an iterative convergence technique. By 
repeatedly executing the equations given below, VePmw 
converges to a value within a predetermined precision 
range of its value during the previous iteration (V mow). 
After each iteration, the newly computed value (Vep, 
new) is compared with its value from the previous itera 
tion. If the difference is not within the predetermined 
range of precision, Vep,01,1is replaced by Vepmw and a 
new calculation for Vepmw is performed as follows: 

Vep.new= Vep.oId—[S(Vep.oId)/8'( Vep.0ld)] (5) 

Equation 5 is a general equation to solve for V”, given 
a solution to f(Vpp)=O. The functional equations speci 
?ed in equation 5 are de?ned as follows: 

E( Vepbld) = (6) 

1.375 ‘10-6 ' am 
Vro — AV, — Vim — (1-125 ' Vwla) + log(C + D) 

a'( Vepold) = (7) 

-l.l25 + (1.125 ' (EH92 ' C) 

5;, ' (c + D) ' 005(6 + D))2 

wherein, 
Vm=a constant empirically found for a particular 

type of synapse cell; in the preferred embodiment 
this value is approximately 0.5 volts; 

c=e(Bers/Eyo) 

Solving for Vepnew and Vep?ld in equations 5-7 can be 
performed using the newton-Raphson method; how 
ever, other numerical methods can be used without 
departing from the scope of the invention. Foe example, 
the Newton-Raphson method is used to produce a solu 
tion to g(V,p_o1d)=0. The use of the Newton-Raphson 
method to produce this solution is awell known tech 
nique. With this solution for g(V¢p_o1d)=0, an initial 
value for Vep?ld can be estimated (processing box 203). 
Next, with the estimated value of vwld, values for 
g(Vep_01d), g(Vep_o1d) and Venue”, are generated using 
equations 5-7 (processing box 204). The difference be 
tween the resulting Vemew and Venom is computed (pro 
cessing box 205) and compared with a predetermined 
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accuracy value to determine if the approximation of 
VeMew is within a desired range of precision (decision 
box 206). If Vep_new is within the speci?ed precision 
range (processing path 208), the iteration process termi 
nates with the acceptable value of Vep_,,ew. Processing 
then continues at the bubble labeled L in FIG. 9. 
However, if VeMew is not within the speci?ed preci 

sion range, Vmold is assigned the value of Vepmw (pro 
cessing box 209) and the iteration process is executed 
again starting at processing box 204, until the value of 
VeMew converges to within the precision range. 

Referring now to FIG. 9, vww has converged to an 
acceptable value within the speci?ed precision range. 
At decision boxes 211 and 215, a test is performed to 
determine if Vwnew is outside of an operable range of 
voltage amplitude values. Since there are predeter~ 
mined physical limits to the voltage amplitudes that 
may be applied to a synapse cell, vgp‘new must be set to 
a value no greater than a maximum voltage amplitude 
associated with the synapse cell an no smaller than the 
minimum amplitude for the cell. 

If the computed Venn“, value is greater than the max 
imum allowable amplitude (decision path 212), the du 
ration for the voltage pulse is too short. In this case, 
Tmew is doubled and set to Te_,,ew*2 (processing box 
213) and the computation for Vmnew is initiated again 
starting at processing box 202 in FIG. 8. It will be ap 
parent to those skilled in the art that TM“, may be 
increased by an amount other than the doubling scheme 
described herein. If Vepmw is less than the maximum 
limit (processing path 214), the amplitude value is ac 
cepted without» further processing and control drops to 
decision box 215. 
At decision box 215, Vqmew is tested against a low 

amplitude limit. If Velmew is less than the minimum am 
plitude value allowed (decision path 216), the voltage 
pulse duration is too long. Thus, Temw is halved and set 
to Tum/2 (processing box 217). Control is then trans 
ferred to processing box 202 in FIG. 8 where the com 
putation for Vepmw is initiated again with the new value 
of Tum Again, it will be apparent to those skilled in 
the art that Temw may be decreased by an amount other 
than the hal?ng scheme described herein. If Vepmw is 
greater than the minimum limit (processing path 218), 
the amplitude value is valid without modi?cation. Thus, 
control drops processing box 219. 
Once an acceptable VeWew and corresponding Tum 

has been computed, the addressed synapse cell can be 
erased. The cell is erased by generating a voltage pulse 
of Vepmew amplitude and TM”, duration and transmit 
ting the pulse to the addressed synapse cell via weight 
setting lines 610 (processing box 219). Processing con 
trol then returns to the calling procedure in processing 
box 506 shown in FIG. 4. 

Referring again to FIG. 4, the processing associated 
with processing box 505 and 506 has bene completed 
and the addressed synapse cell has been either pro 
grammed or erased with the generated voltage pulse. 
After either erasing or programming the cell, V,“ of the 
cell is re-measured at step 507. The difference in volt 
age, AVb between Vmge, and the newly re-measured 
V120 is calculated (processing box 507) using equation 1. 
Processing control is then transferred to the bubble 
labeled B in FIG. 5. 

Referring now to FIG. 5, processing continues at 
decision box 512 where the newly re-calculated AV, is 
tested against an acceptable precision value. If AV, is 
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within a predetermined acceptable percent error, less 
than approximately 1% in the preferred embodiment, 
processing path 511 is taken to processing box 513. 
However, if AV, is not within a predetermined accept 
able precision range, the weight of the synapse cell has 
not been properly set during the program or erase oper 
ations. In this case, processing path 510 is taken to pro 
cessing box 509. , 

Processing box 509 is executed when the predicted 
level of charge on the synapse cell has not been 
achieved as expected. This condition may occur be 
cause of the effects of the various physical phenomena 
of the synapse cell as described earlier. The present 
invention, however adaptively adjusts for these effects 
by producing a new set of coefficients, Bpgm and Bers 
that are better able to predict the level of charge actu 
ally achieved based on the results just measured. In this 
manner, the synapse cell weight setting process occurs 
more quickly, more accurately, and with fewer process 
ing iterations. 

In processing box 509, Bpgm is recalculated from the 
following equations: 

A, B, E0, and Vm are given above; 

Thus, with the recalculated Vm, and re-measured 
AV, and new voltage pulse values Vpp_,,ew and Tpmw, 
Bpgm and Bpgmold are regenerated using the iterative 
method as described above for the calculation of 
Vpp.new 

In addition, Bers is re-calculated from the following 
similar equations: 

Bers: Busold" [k(Bers.oId)/k(Berr.oId)] (1 1) 

k(Bars.old)= [ W‘(1°g(C+ DD] - (1375' 10- 6 memoir!) (12) 

k(Bers.0Id)= [ W’C/(EyO'(C+ Z))l — ( l 375' 10- 6) (13) 

where, 
C, D, Eyo, and V ,0 are given above; 
w =Vreo+ Avr- vro + (1' lzs‘vepmew) and; 
2: 3.242‘ l04*T¢,,,ew. 
Again, with the recalculated VW, and re-measured 

AV, and new voltage pulse values Vqmw and THE”, 
B", and Bmold are re-generated using the Newton 
Rephson method as described above for the calculation 
of vepmew 
Once new Bpgm and B", coefficients are recalculated 

in processing box 509, a new iteration for the currently 
addressed cell begins again at the bubble labeled C in 
FIG. 4. This iteration process continues until AV; is 
within a predetermined acceptable precision range as 
tested in decision box 512. ' 
When AV, achieves an acceptable value, processing 

path 511 is taken to processing box 513 as shown in 
FIG. 5. At box 513, Em", and B", coefficients are stored. 
The stored coefficients represent values that produced 
an actual measured weight of a synapse cell that corre 
sponded with the predicted value. These values can be 
stored in a reserved area of memory in the control lo 
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gic/mernory 640 of the network shown in FIG. 1a. 
Processing proceeds to decision box 519. 
At decision box 519, test is performed to determine if 

all synapse cells have been processed. The entire neural 
network may be processed or only a portion thereof. A 
portion of the network is specified by initially providing 
the processing logic with an address or range of ad 
dresses used to limit the weight setting process. If the 
synapse cell currently addressed in the network is the 
last cell in the speci?ed address range, processing path 
516 is taken to bubble 520 where the weight set process 
ing of the present invention terminates. If the synapse 
cell currently addressed in the network is the not last 
cell in the speci?ed address range, processing path 517 
is taken to processing box 515. At processing box 515, 
the current synapse cell address is incremented to point 
to a synapse cell adjacent to the one previously pro 
cessed. Control then transfers to the bubble labeled D in 
FIG. 4. Because the previously processed cell is physi 
cally close to the newly addressed cell, the similarity in 
physical characteristics between the two cells will en 
able the‘ Bpgm and B”, coef?cients of the previously 
addressed cell to be effectively used as the process re 
peats at step 503 for the adjacent and now currently 
addressed cell. Bers and Bpgm coefficients from one cell 
to an adjacent cell will typically be very close to the 
same value. Therefore, by initially setting accurate val 
ues for Bpgm and BM for the adjacent synapse cell, con 
vergence to the target value, Vmga, for the adjacent 
cell will occur with fewer iterations than required for a 
non-adaptive process. 
Although this invention has been shown in relation to 

a particular embodiment, it should not be considered so 
limited. Rather, it is limited only by the appended 
claims. 
What is claimed is: 
1. In a neural network having electronic synapse cells 

each having a weighting component, said weighting 
component for storing a weight of said synapse cell, a 
process for adaptively setting said weight comprising 
the steps of: 

a) generating and applying a voltage pulse having an 
amplitude and duration to said weighting compo 
nent; 

b) measuring said weight stored in said weighting 
component; 

c) determining a correction factor to said amplitude 
and duration of said voltage pulse to produce a 
corrected voltage pulse necessary to minimize the, 
difference between a target weight and said weight 
measured in said measuring step, said correction 
factor including a coefficient representing the 
physical characteristics of said synapse cell, said 
coefficient associated with programming and eras 
ing said synapse cell, said determining a correction 
factor step further includes the steps of: 
i) determining the difference between a target 

weight and said measured weight of said 
weighting component; 

ii) producing a programming coefficient if said 
difference is positive, said programming coeffici 
ent produced as a function of said difference and 
said measured weight, said programming coeffi 
cient also being a function of another program 
ming coefficient and another voltage pulse used 
in programming a different synapse cell; and 

iii) producing an erasing coefficient if said differ 
ence is negative, said erasing coefficient pro 
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duced as a function of said difference and said 
measured weight, said erasing coefficient also 
being a function of another erasing coef?cient 
and another voltage pulse used in erasing a dif 
ferent synapse cell; 

d) applying said corrected voltage pulse to said syn 
apse cell to alter said weight of said synapse cell. 

2. The process as claimed in claim 1 wherein said step 
of determining a correction factor further includes a 
step of initializing a correction factor based on a correc 
tion factor previously determined for a different syn 
apse cell. 

3. The process as claimed in claim 1 further including 
a step of addressing a different synapse cell in said net 
work. 

‘4. The process as claimed in claim 1 wherein said 
correction factor further includes a ?rst coefficient 
associated with programming said synapse cell and a 
second coefficient associated with erasing said synapse 
cell. 

5. The process as claimed in claim 1 further including 
the steps of: 

determining a synapse cell address of said synapse 
cell for which said weight is to be set; and 

incrementing said synapse cell address to point‘to a 
different synapse cell. 

6. The process as claimed in claim 1 further including 
the steps of; 

storing said correction factor after said step of deter 
mining a correction factor is performed. 

7. The process as claimed in claim 1 wherein saidstep 
of determining a correction factor further includes a 
step of storing said coefficient. 

8. A neural network comprising: 
a) electronic synapse cells each having a weighting 
component, said weighting component for storing 
a weight of said synapse cell; 

b) means for generating and applying a voltage pulse 
having an amplitude and duration to said weighting 
component; 

c) means for measuring said weight stored in said 
weighting component; ’ 

d) means for determining a correction factor to said 
amplitude and duration of said voltage pulse to 
produce a corrected voltage pulse necessary to 
minimize the difference between a target weight 
and said weight measured by said means for mea 
suring, said correction factor including a coef?ci 
ent representing the physical characteristics of said 
synapse cell, said coefficient associated with pro 
gramming and erasing said synapse cell, said means 
for determining a correction factor further com 
prising: 
i) means for determining the difference between a 

target weight and said measured weight of said 
weighting component; ' 

ii) means for producing a programming coef?cient 
if said difference is positive, said programming 
coefficient produced as a function of said differ 
ence and said measured weight, said program 
ming coefficient also being a function of another 
programming coefficient and another voltage 
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pulse used in programming a different synapse . 
cell; and . 

iii) means for producing an erasing coefficient if said 
difference is negative, said erasing coefficient pro 
duced as a function of said difference and said 
measured weight, said erasing coefficient also 
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being a function of another erasing coefficient and 
another voltage pulse used in erasing a different 
synapse cell; 

c) means for applying said corrected voltage pulse to 
said synapse cell to alter said weight of said synapse 
cell. 

9. The neural network as claimed in claim 8 wherein 
said means for determining a correction factor further 
includes means for initializing a correction factor based 
on a correction factor previously determined for a dif 
ferent synapse cell. 

10. The neural network as claimed in claim 8 further 
including means for addressing a different synapse cell 
in said network. 

11. The neural network as claimed in claim 8 wherein 
said correction factor further includes a ?rst coef?cient 
associated with programming said synapse cell and a 
second coef?cient associated with'erasing said synapse 
cell. 

12. The neural network as claimed in claim 8 further 
including: 
means for determining a synapse cell address of said 

synapse cell for which said weight is to be set; and 
means for incrementing said synapse cell address to 

point to a different synapse cell. . 
13. The neural network as claimed in claim 8 further 

including: 
means for storing said correction factor after said 

correction factor is determined. 
14. The neural network as claimed in claim 8 wherein 

said means for determining a correction factor further 
includes means for storing said coef?cient. 

15. A system _for adaptively setting weights in elec 
tronic synapse cells of a neural network, said system 
comprising: 

synapse cells each having a weighting component, 
said weighting component for storing said weight 
of said synapse cell; 

a control logic/memory unit for measuring said 
weights and for setting said weights by applying a 
voltage pulse to each of said weighting compo 
nents, said control logic/memory unit coupled to 
said weighting components of said synapse cells by 
a weight setting line and a weight measuring line; 

control logic operably disposed within said control 
logic/memory unit for determining a correction 
factor to said amplitude and duration of said volt 
age pulse to produce a corrected voltage pulse 
necessary to minimize the difference between a 
target weight and said weight measured by said 
control logic/memory unit, said correction factor 
including a coef?cient representing the physical 
characteristics of said synapse cell, said coefficient 
associated with programming and erasing said syn 
apse cell, said control logic also determining the 
difference between a‘ target weight and said mea 
sured weight of said weighting component, said 
control logic also producing a programming coeffi 
cient if said difference is positive, said program 
ming coef?cient produced as a function of said 
difference and said measured weight, said pro 
gramming coef?cient also being a function of an 
other programming coef?cient and another volt- 
age pulse used in programming a different synapse 
cell, said control logic also producing an erasing 
coefficient if said difference is negative, said eras 
ing coef?cient produced as a function of said differ 
ence and said measured weight, said erasing coef? 
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cient also being a function of another erasing coef 
ficient and another voltage pulse used in erasing a 
different synapse cell. 

16. The system as claimed in claim 15 wherein said 
correction factor includes a ?rst coefficient associated 
with programming said synapse cell and a second coef 
ficient associated with erasing said synapse cell. 

17. The system asclaimed in claim 15 wherein said 
control/logic memory unit further including: 
means for determining a synapse cell address of said 

synapse cell for which said weight is to be set; and 
means for incrementing said synapse cell address to 

point to a different synapse cell. 
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18. The system as claimed in claim 15 wherein said 

control/logic memory unit further including: 
means for storing said correction factor determined 
by said control logic. 

19. The system as claimed in claim 15 wherein each 
said weighting component further includes a ?oating 
gate device, said weight corresponding to an amount of 
charge stored on said ?oating gate device. 

20. The system as claimed in claim 15 wherein said 
control logic/memory unit further includes memory 
means for storing said control logic, said control logic/ 
memory unit further includes a processor for executing 
said control logic. 

t t i i l 
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